Droplets: smaller, faster, better
The field of droplet microfluidics has evolved at a startling rate since its emergence in the scientific literature in 1997. 1 The initial period of development saw an explosion of innovation in device design and function, [2] [3] [4] [5] and then settled into a period of sustained growth with diverse applications emerging across the chemical and biological sciences. [6] [7] [8] It is fair to say that during the past eight years we have witnessed a coming-of-age, where a plethora of droplet-based structures, concepts, components and processes are now being adopted and leveraged by endusers to engender completely new science and innovation. Indeed, our 2011 article in this journal addressed developments in the first decade, focusing on the 'emergence' phase of the technology, with a significant emphasis on establishing functional components (such as droplet generators, mergers, splitters and traps), routes to controllable compartmentalisation, and application to simple biological and chemical problems. 9 In the current article, we aim to survey the intervening eight years, with a focus on innovations in droplet manipulation and detection methods, and more importantly, on where droplet-based microfluidics has made the biggest impact in terms of enabling novel science. We hope to convey through this how droplet microfluidics has now become an established and go-to experimental system for many scientists with 'real world' problems to tackle.
To summarise briefly the advantages of droplet-based microfluidics, we note that these systems maintain the inherent advantages of all microfluidic systems, including low sample volumes, the facile integration of different functionalities and an exquisite control of heat and mass transport, whilst overcoming problems related to Taylor dispersion, surface-molecule interactions and slow mixing that plague continuous-flow (or single-phase) microfluidic systems. In addition, dropletbased microfluidic systems offer unique features, such as the ability to define and form ultra-small assay volumes, negligible cross-contamination and sample adsorption, and enhanced mixing due to chaotic advection. 10 Of additional note are the exceptionally high droplet generation frequencies (up to hundreds of kHz), the ability to control the droplet payload in a rapid and efficient manner and access to sub-millisecond mixing times, lending the technique to ultra-high-throughput experimentation.
Although traditional droplet generation methods (based on crossflow structures, flow-focusing geometries and co-flow structures) are still heavily used and extremely effective in creating large numbers of monodisperse droplets, we have recently seen the emergence and adoption of other innovative techniques. 6 For example, parallel droplet generators based on step emulsification have been used for the robust, scalable and high-throughput production of droplets. Such droplet-generators integrate a shallow microchannel containing two co-flowing immiscible fluids and an abrupt (or step-like) opening to a deeper and wider reservoir, and hold great promise for a range of production-scale and industrial applications. 11 In addition, additive manufacturing (or 3D printing) technologies are beginning to show utility as rapid fabrication and prototyping tools for microfluidic devices, allowing the realisation of complex 3D geometries that cannot be obtained through the use of standard lithographic approaches. 12 In this respect, ''equipment-free'' droplet generation and handling has emerged as a powerful new method, expanding applications of droplet microfluidic systems in resource-limited settings, and providing for fielddeployable instruments. 13 With a view to eradicating the complex peripheral architecture that is typically required to run a droplet microfluidic experiment, techniques such as vacuum-induced pumping, 14 lid pumps (where positive and negative pressures are generated by pulling or pushing pumping lids) 15 and confinement gradients (where channel height variations subject immiscible interfaces to gradients of confinement to generate droplets) 16 are all useful in providing simple, reliable and portable platforms for droplet-based experimentation.
Droplet manipulations
The ability to precisely manipulate droplets after their generation is key in maximising their utility as reaction, assay or storage vessels. Despite the establishment and widespread adoption of a range of droplet manipulation tools discussed in our previous paper, 9 there have been a number of interesting recent developments, as shown in Fig. 1a . For example, the controlled merging of droplets containing different reaction precursors is an elegant way to initiate and process reactions. Recently, hydrodynamic self-rectification, where pressure is geometrically controlled in a droplet trap and bypass network, has been used to trigger drop coalescence and confinement-guided breakup, and mimic functions traditionally provided by well-plates and pipettes. 17 Additionally, laser-based heating has been used to robustly induce the fusion of droplets stabilised with thermally-responsive poly(N-isopropylacrylamide) (PNIPAM) microgels. 18 Conversely, the controlled break-up of droplets is a key operation in many situations, and one that has recently been accomplished through the use of pneumatic valves, 19 electrostatic potentials, 20 and surface acoustic waves. 21 Furthermore, rapid on-chip droplet dilution has been demonstrated using immobilised high-concentration mother droplets that fuse with incoming solvent droplets and output daughter droplets whose concentrations diminish in a logarithmic fashion with droplet number. 22 The addition of material or reagents into droplets can also be achieved using a pico-injector. 23 A pico-injector injects reagents directly into preformed droplets and operates in a similar fashion to electrically-mediated droplet fusion. When a droplet passes the pico-injector, electrodes opposite a channel containing reagent are energised, destabilising water-oil interfaces and allowing reagent to enter the droplet. As the droplet moves downstream, it remains connected to the orifice by a narrow bridge of fluid, which eventually breaks to form a new droplet. Since the entire process takes only a few milliseconds, pico-injectors have been used to excellent effect in the multiplexed analysis of enzyme kinetics, 24 digital detection of RNA, 25 and protein crystallisation screening. 26 Finally, the ability to sort droplets based on their content is a necessary component of many biochemical assays, since sorting allows the selective capture and isolation of relevant droplets from extremely large populations. Critically, recent developments in droplet-sorting technologies have leveraged both passive and active strategies, including the use of viscoelastic fluid properties, 27 electric fields, 20 electric capacitance 28 and magnetic rails, 29 to allow for the rapid and robust selection of droplets with user-defined properties.
Small volume detection
A vital requirement of any chemical or biological experiment is the ability to identify and quantify relevant species within the assay volume. Detection within the pL volumes that characterise microfluidically produced droplets is especially challenging due to the dearth of sample present, and the fact that droplets within segmented flows are produced at high generation frequencies and are almost always moving at high speed through the system. Accordingly, the development and integration of sensitive detection methods has played and will continue to play a crucial role in ensuring that information retrieval rates match information generation rates. Further, some interesting and powerful detection modalities have recently emerged to complement traditional timeintegrated fluorescence-based methods.
Optical detection
As noted, fluorescence-based methods are almost exclusively used to probe droplets in segmented flows. The exquisite sensitivity and selectivity of time-integrated emission spectroscopies are ideally suited to non-invasively probing pL-volume droplets produced at kHz frequencies and moving with high linear velocities. 30 That said, much recent work has focused on integrating a range of novel spectroscopic methods able to extract larger amounts of chemical and biological information. For example, fluorescence lifetime imaging has been used to excellent effect to probe mixing phenomena within pL-volume droplets with a temporal resolution of 1 ms, 31 and more recently fluorescence lifetime-activated droplet sorting has been introduced as a novel technology for droplet manipulations within segmented flows. 32 More importantly, much recent effort has been focused on the use of label-free techniques for droplet detection. For example, both surface-enhanced Raman spectroscopy (SERS) and surfaceenhanced Resonance Raman spectroscopy (SERRS) have been shown to allow for the rapid and sensitive analysis of droplet contents, yielding key structural information on contained analytes and with sub-millisecond time resolution. 33 Additionally, developments in focal plane array detectors have facilitated the use of FT-IR spectroscopic imaging as an effective droplet interrogation tool able to study dynamic systems with a temporal resolution of 100 ms. 34 Finally, exciting contemporary developments in photothermal spectroscopies have allowed the label-free detection of analytes in a volume-independent manner, with nM detection limits within fL-volume droplets at rates in excess of 10 000 droplets per second, as shown in Fig. 1b . 35 This journal is © The Royal Society of Chemistry 2019
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Electrochemical analysis
Electrochemical detection is an attractive alternative to optical techniques when probing sub-nL-volume droplets. 36 Electrochemical sensors are small, low-cost, sensitive and exhibit short response times, and despite the discontinuous nature of segmented flows (that causes the generation of transient electrochemical signals), a number of electrochemical approaches have been used to good effect in the analysis of electroactive species contained within nL-volume droplets. For example, capacitive sensors have been used to probe droplet size and speed, whilst also serving as key components in droplet sorting applications. 37 In addition, potentiometry has been used to measure rapid kinetics in nL-volume droplets, with ionselective electrodes being successfully used to probe RNA-Mg 2+ binding kinetics with dead times as low as 60 ms. 38 Alternatively, chronoamperometry has been shown to be highly adept at studying electrocatalytic reactions and intravenous drugs within nL-volume droplets, 39, 40 with concentration detection limits in the low mM to high nM regime.
Hyphenated techniques
The use of hyphenated detection platforms, where droplets within a segmented flow are transported off chip for analysis by an external instrument, can significantly enhance the accessible information content from a chemical or biological experiment (i.e., droplet). In this respect, much activity has recently focused on coupling droplet-based microfluidic platforms with mass spectrometers. 41 Mass spectrometry (MS), in a range of embodiments, is an immensely powerful analytical tool, able to elucidate the chemical identity or structure of both small and large molecules. To this end, a number of recent studies have demonstrated the robust and efficient interfacing of droplet-based microfluidic platforms with both matrix-assisted laser desorption ionization-MS (MALDI-MS) 42 and electrospray ionization-MS (ESI-MS) 43 for the high-throughput analysis of proteins and enzymes down to femtomole levels (Fig. 1c ). The utility of such hyphenated detection tools in contemporary biological experimentation is without doubt, and facilitated by a range of passive microfluidic strategies for oil removal prior to sample delivery to the mass spectrometer. Finally, it should not be forgotten that despite relatively poor detection sensitivities, nuclear magnetic resonance (NMR) spectroscopy is one of the most effective techniques for extracting information on molecular structure and dynamics. Unsurprisingly, much recent attention has focused on improving mass (and to a lesser extent concentration) sensitivities, with microcoils proving to be highly adept in measuring mass-limited samples. 44 In this respect, a number of recent studies have demonstrated high-resolution NMR spectroscopy in pL-mL volumes 45, 46 and with pmole detection limits. 47 Such advances suggest that contemporary NMR techniques may soon capable of extracting information from single (sub-nL) droplets.
Finding the killer app
The utility of droplet-based microfluidics has already been demonstrated in a tremendous array of applications. Whilst comprehensive reviews detailing many of these are available elsewhere, 48 herein we highlight what we consider to be areas in which droplet-based microfluidic platforms have made the biggest impact in the last eight years.
Single-cell experimentation
The most significant applications of droplet-based microfluidics have almost certainly been in area of single-cell experimentation, where the challenge lies not just in analysing single cells, but in conducting high-throughput analysis of many thousands of individual cells. This is a task to which droplet microfluidics is perfectly suited. 49 The simple fact that microfluidically-produced droplets are similar in size to human cells, means that they can be used to house, probe, manipulate and sort cells in a direct, rapid and large-scale fashion. 50 Indeed, much early effort was focused on the realisation of functional components able to perform operations such as cell culturing, freezing, thawing, lysis, electroporation, incubation and gene delivery in aqueous and hydrogel droplets. 48 However, the real power of dropletbased systems for single-cell experimentation lies in their ability to mediate extremely detailed and rapid experimentation in a highly parallel fashion. This promise has been realised through a range of elegant studies in recent years, resulting in formidable droplet-based platforms for a range of single-cell applications.
Highlight achievements include the development of the inDrop 51 and Drop-seq 52 platforms, which allow low-cost droplet-based single cell RNA sequencing (Fig. 2) . Other studies have demonstrated genomic, 53 protein expression 54 and metabolic 55 analyses on individual cells encapsulated within droplets. 56 Further, as single-cell heterogeneity has drawn much attention in molecular studies of differentiation, 57 signalling 58 and disease, 59 there has been accompanying interest in droplet-barcoding for sequencing and profiling cells in multicellular organisms. 60 Droplet-mediated single cell experimentation has also achieved impact in directed evolution of enzymes, where for example, droplet-based approaches have facilitated large-scale screening of the enzyme horseradish peroxidase, resulting in the identification of new mutants with catalytic rates more than ten times faster than their parent. 61 
Nucleic acid detection and analysis
Droplet-based microfluidic systems provide an excellent technological platform for amplifying nucleic acids. In this regard, perhaps the most compelling application is digital droplet PCR (ddPCR), which enables extremely sensitive detection of specific nucleic acid sequences (down to the single copy level), and is based on the statistical analysis of a large number of compartmentalised PCR reactions. 62, 63 Put simply, ddPCR involves the segregation of a sample into millions of smaller volumes, which statistically will either be empty or will contain a single copy of target nucleic acid. Thermal cycling of such droplets will generate signal only in droplets that initially contained a copy of the sequence. Accordingly, both sequence identification and quantitation occur via a simple process of counting. Unsurprisingly, commercial products based on this approach are now available and widely used in molecular biology laboratories. 64, 65 That said, ddPCR often involves a number of complex off-chip operations, such as droplet incubation and droplet re-injection. 62 In an attempt to simplify the amplification process, alternative isothermal amplification strategies have recently been explored. Such strategies include loop-mediated isothermal amplification (LAMP), 66, 67 rolling circle amplification (RCA), 68 recombinase polymerase amplification (RPA) 69 and exponential amplification reaction (EXPAR). 70 Regardless of the specifics of each method, all operate at moderate temperatures (between room temperature and 60 1C) and do not require thermal cycling. Amongst these, LAMP has drawn the most attention due to its high sensitivity, high DNA product formation and reduced reaction times. In addition, using droplet LAMP (dLAMP) has a demonstrated benefit of enhanced inhibitor resistance compared to standard LAMP, and feasibility for pointof-care analysis. 71, 72 Another highlight from this growing body of works includes the performance of (the enzyme-free) hybridization chain reaction (HCR) in droplets for sensing miRNA at room temperature at rates of 500 detection events per minute. 73 
Droplet barcoding
The recognition and monitoring of specific droplets amongst much larger droplet populations is a particular challenge when performing large-scale experimentation. For relatively small populations, this can be achieved by simply ordering droplets along an extended channel or by catching droplets in trapping structures along the flow path. 74, 75 However, for populations comprising many thousands of droplets, such strategies are unfeasible and alternative methods must be employed. The addition of small molecule-or quantum dot-based fluorophore mixtures to droplets can enable barcoding of a few thousand droplets at any one time, but is limited by spectral crosstalk in the condensed phase. 76 In contrast, DNA barcoding, which involves the delivery of unique single DNA strands to each droplet, yields an encoding capacity of 4 n (where n is the number of nucleotides in the DNA sequence), and is therefore practically unlimited in its ability to barcode exceptionally large droplet populations. 77 Accordingly, droplet barcode sequencing has become the state-of-the-art in barcoding technologies, for example in single-cell sequencing, as illustrated in Fig. 2a and b . 78, 79 Functional material synthesis
The benefits of droplet-based microfluidic reactors over both continuous-flow and flask-based methods for material synthesis are well-recognised, 80 with features such as rapid mixing, controlled particle nucleation and growth and uniform heat transfer allowing the preparation of high-quality materials with bespoke properties. These features, allied with the ability to vary the chemical payload of individual droplets, enable a range of complex synthetic processes to be performed in high-throughput. 81 The utility of droplets for producing monodisperse nanocrystalline materials has recently been showcased through the generation of a wide range of materials, including metal nanoparticles (such as Au, 82 Ag 83 and Pd 84 ) ceramic nanomaterials, 85 nanocomposites, 86 quantum dots, 87 organic nanomaterials, 88 metal-organic frameworks 89 and perovskite nanoparticles. 90 In all cases, care has been paid to developing systems that can cope with extreme conditions, such as high temperatures and aggressive reagents. Despite the plethora of synthetic routes for their production, experimental validation of models for nanoparticle nucleation and growth has rarely been investigated due to the difficulties associated with extricating kinetic data on short timescales. In this regard, recent and exciting developments have leveraged droplet-based systems to uncover reaction dynamics and mechanisms associated with the synthesis of II-VI, III-V and IV-VI semiconductor nanocrystals and metal halide perovskites (Fig. 3a) . [91] [92] [93] Finally, droplet-based platforms have also been used to good effect in the synthesis of a range of functional biomaterials. Of particular note is the use of droplet-templated hydrogels for encapsulating cells (Fig. 3b ), 94 enzymes (Fig. 3c ), 95 DNA 96 and even microorganisms. 97 Significantly, encapsulation of cells and organisms within such droplets has been shown to improve long-term viability and enables efficient 3D cell culture 98 and cell-based drug delivery. 99 Moreover, the synthesis of proteinosomes (hollow selfassembled protein conjugates) has been demonstrated via a droplet approach, where proteinosome size distributions were significantly reduced when compared to the conventional approaches. 100 
Today and tomorrow
It is fair to say that almost two decades after its introduction, droplet-based microfluidics has now matured into a robust and powerful technology set, enabling the extremely rapid generation of high-quality chemical and biological information. In the concluding remarks of our 2011 article, we asked whether droplet-based platforms could ''efficiently integrate large numbers of functional components within a single device to perform highly complex experiments'' and could the ''information generated be utilised by machining learning techniques to create ''intelligent'' systems able to direct and automate the experimentation process''. In the last eight years, both of these questions have been answered to a large degree. First, and as discussed herein, droplet-based microfluidic platforms now typically incorporate a large number of functional components that allow complex experiments on a range of chemical and biological systems. The statistical power of generating and analysing large numbers of compartmentalised assay volumes is a particular strength of droplet microfluidics, and one that can still be enhanced through the development of new methods that allow faster generation of uniformly-sized droplet populations. In this respect, step emulsification has shown great promise, and we anticipate that it will find significant future utility in diagnostic applications (e.g., ddPCR or isothermal amplification) where simple methods of droplet generation are key, and in a range of large-scale screening/selection applications, such as in directed evolution. 61 Second, the last eight years has seen the emergence of artificial intelligence (AI) as a revolutionary tool in the chemical and biological sciences. 101, 102 As noted, such developments provide an exciting opportunity for droplet-based technologies, with the rapid data generation capabilities being well-matched to the advanced analytical capabilities of AI algorithms. Unsurprisingly, deep learning and reinforcement learning algorithms have already been used in conjunction with droplet-based microfluidic systems to good effect, 103, 104 with more conventional machining learning approaches being used, for example, to generate novel nanomaterials with user-defined properties. 93 More generally, as large-scale droplet-based platforms (incorporating real-time analysis) develop, data volume and generation rates will greatly exceed the interpretive capabilities of conventional analytics, and thus the integration of deep learning algorithms that can rapidly analyse characterisation data and feed instructions back into the microfluidic system to control the nature or composition of new droplets will be crucial.
On a more technical level, maximising the amount of information that can be extracted from each droplet continues to be a challenge. Although, and as discussed, a range of novel and powerful detection methods are now being used, the routine application of high-content methods (such as those based on vibrational spectroscopies and electrochemical techniques) will likely be critical in engendering important new applications in the chemical and biological sciences, where conventional fluorescence-based detection schemes are inappropriate. Finally, and with a view to the application of droplet-based microfluidics in ''out-of-lab'' settings, the use of additive manufacturing techniques will become increasingly important in creating advanced microfluidic components. 105 Indeed, the use of pumpless fluid manipulation schemes 106 will likely allow the implementation of droplet-based analysis systems in resource-limited, remote and at-home settings in the short-to medium-term.
Final thoughts
Droplet-based microfluidics is now, without doubt, an important, robust and embedded technology platform within the chemical and biological sciences. Since our 2011 article, the field has greatly matured with respect to both technical features and the areas of application, with real-world success being evidenced through a range of mainstream commercial products that are being aggressively applied to key biological and healthcare related problems (e.g., 10Â Genomics, 107 Drop-seq 108 and nucleic acid quantification via Droplet Digitalt PCR systems from Bio-Rad 64 ). Although there is still so much potential to be unlocked, it is fair to say that droplets have now become (as we had hoped) an indispensable tool in chemical and biological research.
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